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ABSTRACT
Context. Identifying the most likely sources for high-energy neutrino emission has been one of the main topics in high-energy
astrophysics ever since the first observation of high-energy neutrinos by the IceCube Neutrino Observatory. Active galactic nuclei
with relativistic jets, blazars, have been considered to be one of the main candidates due to their ability to accelerate particles to high
energies.
Aims. We study the connection between radio emission and IceCube neutrino events using data from the Owens Valley Radio Obser-
vatory and Metsähovi Radio Observatory blazar monitoring programs.
Methods. We identify sources in our radio monitoring sample, which are positionally consistent with IceCube high-energy neutrino
events. We estimate their mean flux density and variability amplitudes around the neutrino arrival time, and compare these with values
from random samples to establish the significance of our results.
Results. We find radio source associations within our samples with 16 high-energy neutrino events detected by IceCube. Nearly half
of the associated sources are not detected in the γ-ray energies, but their radio variability properties and Doppler boosting factors
are similar to the γ-ray detected objects in our sample so that they could still be potential neutrino emitters. We find that the number
of strongly flaring objects in our samples is unlikely to occur due to a random coincidence (at 2σ level), and in the case of OVRO
samples, the sample of associated sources is on average at an active state compared to random samples.
Conclusions. Based on our results we conclude that although it is clear that not all neutrino events are associated with strong radio
flaring blazars, when we see large amplitude radio flares in a blazar at the same time as a neutrino event, it is unlikely to happen by
random coincidence.
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1. Introduction
Blazars, active galactic nuclei (AGNs) with the relativistic jet
pointing close to our line of sight, are among the main candidate
sources of astrophysical high energy neutrinos. The first γ-ray
detection of blazar 3C 279 (Hartman et al. 1992) triggered the
first estimates of neutrino fluxes from blazars assuming the γ-
ray emission was of hadronic origin (Mannheim et al. 1992),
and many followed (e.g. Mücke & Protheroe 2001).
The first observation of high energy neutrinos by the Ice-
Cube Neutrino Observatory (Aartsen et al. 2013; IceCube Col-
laboration 2013) immediately triggered searches for counter-
part sources (e.g. Padovani & Resconi 2014), but no significant
association with γ-ray blazars was found (Brown et al. 2015;
Aartsen et al. 2017a). In September 2017, an event designated
IceCube-170922A was observed. The best-fit reconstructed di-
rection was at 0.1◦ from the sky position of the BL Lac ob-
ject TXS 0506+056, which was flaring in the γ-ray and VHE
γ-ray bands (Tanaka et al. 2017; Mirzoyan 2017). The positional
and temporal coincidences of the events were high, which sug-
gests that the neutrino originated from this flaring blazar (Ice-
Cube Collaboration et al. 2018b). Several papers after the event
showed that sufficient neutrino flux to explain the detection of
the event could be produced within the source, even if the lep-
tonic processes dominated the electromagnetic emission even in
γ-rays with only sub-dominant contribution from cascade emis-
sion in VHE γ-rays (see e.g. Ansoldi et al. 2018; Petropoulou
et al. 2020).
While the association of neutrino events and γ-ray emis-
sion has been getting plenty of attention, the connection has also
proven to be very complicated. The regions that would host suf-
ficiently dense external photon fields to produce high neutrino
fluxes (such as observed from TXS 0506+056 in 2014-2015
(IceCube Collaboration et al. 2018a)) would also imply strong
internal absorption of γ-rays (see e.g. Böttcher 2019; Reimer
et al. 2019), and therefore no temporal coincidence would be ex-
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pected. Indeed, no γ-ray flare was detected from TXS 0506+056
during the 2014-2015 neutrino burst (IceCube Collaboration
et al. 2018a). Based on a sample of three sources, Kun et al.
(2020) also suggest that the γ-ray emission may be suppressed,
as they see a local decrease in the γ-ray flux during the time of
the neutrino arrival.
It is also possible that not all blazar classes are equally
"good" neutrino candidates (e.g. Neronov & Semikoz 2002).
Blazars are classified as flat spectrum radio quasars (FSRQs) and
BL Lacertae objects (BL Lacs) based on optical spectra. They
can also be classified based on their synchrotron peak frequency.
The low synchrotron peak sources (LSPs) have νS < 1014 Hz, the
intermediate synchrotron peak sources (ISPs) 1014 Hz < νS <
1015 Hz and high synchrotron peak sources (HSPs) νS > 1015 Hz
(Abdo et al. 2010). In FSRQs, the synchrotron peak is typically
in the infrared regime (i.e. they are LSPs) while for BL Lacs
it can be anywhere between infrared and hard X-rays (LBLs,
IBLs and HBLs). Padovani et al. (2016) found the most sig-
nificant connection with HSP sources. The most recent revi-
sion (with more data) suggested a connection with ISP and
HSP sources (Giommi et al. 2020). On the other hand, Huber
(2019) found the most significant connection (though only at
1.9σ level) with low and intermediate synchrotron peaked BL
Lac objects (LBL/IBLs) and the connection to high synchrotron
peaked sources had a much lower significance (only 0.5σ).
In this paper we investigate the connection between radio
bright AGNs and astrophysical high energy neutrinos. In AGN
jets, the radio emission is synchrotron self-absorbed close to the
central engine and therefore the emission we observe originates
several parsecs downstream the jet (Readhead et al. 1978; Bland-
ford & Königl 1979). However, radio emission is a good proxy
for the general jet activity, for example, radio flux densities are
often seen to increase already before the flaring at higher energy
bands begins (e.g. Lähteenmäki & Valtaoja 2003; León-Tavares
et al. 2011). This could be, for example, due to a long-term in-
crease in the total jet power. The increasing jet power would trig-
ger current-driven kink instabilities and lead to strong magnetic
dissipation and efficient particle acceleration (Nalewajko 2017),
which is crucial also in neutrino production. Furthermore, even
though the fourth catalogue of AGNs (4LAC) detected by Fermi-
LAT γ-ray satellite includes 3207 objects (The Fermi-LAT col-
laboration 2019), not all blazars are γ-ray detected. For example,
only 444 of the 1157 sources (38%) in the Candidate Gamma-
Ray Blazar Survey (CGRaBS) sample (Healey et al. 2008) cur-
rently monitored at Owens Valley Radio Observatory, are in-
cluded in the 4LAC catalog.
There have been some reports on the connection between
radio-selected blazars inside IceCube neutrino positional er-
ror circles. Krauß et al. (2014) studied the six radio-brightest
blazars within the error regions of PeV IceCube neutrino events.
They found that the six sources alone were sufficient to ex-
plain the PeV neutrino flux. Kadler et al. (2016) discovered PKS
B1424−418 flaring in the radio and γ-ray bands in temporal and
positional coincidence with the IceCube neutrino IC35, but this
neutrino event had a large positional error circle of 15.6◦. The
first systematic search of radio sources was performed only re-
cently, by Plavin et al. (2020a), who investigated the association
of neutrinos with radio bright AGNs using the VLBI based ra-
dio fundamental catalogue (RFC)1 and RATAN-600 (Korolkov
& Pariiskii 1979) data. They found that AGNs positionally asso-
ciated with high-energy IceCube events typically have stronger
parsec-scale cores compared to the rest of the sample. Moreover,
1 http://astrogeo.org/vlbi/solutions/rfc_2019c/
they found an average increase of radio emission at frequencies
above 10 GHz around neutrino arrival times for several AGNs
on the basis of RATAN-600 monitoring. In Plavin et al. (2020b)
they further analyzed the IceCube point source likelihood map,
including also lower energy events, against the RFC catalogue
and found a 3σ significance for the correlation between them.
In this paper we investigate the connection between radio
emission and neutrinos using the high cadence long-term mon-
itoring data of the Owens Valley Radio Observatory (Richards
et al. 2011) and Metsähovi Radio Observatory (Teräsranta et al.
2004). Our paper is organized as follows. In Sect. 2, we describe
the selection of the IceCube neutrino events and our radio sam-
ples. Our analysis methods and results are given in Sect. 3 and
we discuss them in the context of other recent studies in Sect. 4.
Our conclusions are drawn in Sect. 5.
2. Data
2.1. Neutrino events
High energy neutrinos can interact with ice creating high energy
leptons via charged current interactions. For association with as-
trophysical sources the track-like events created by high energy
muons are particularly important, as they have the smallest error
circle around the arrival direction. The angular resolution can be
as good as 0.4◦ (Aartsen et al. 2017a). The positional errors are
different in right ascension (RA) and declination (DEC). There is
also some level of uncertainty in the detector systematic uncer-
tainties and therefore in the reconstruction errors, which is why
we use the published upper limit of 1.0◦ (IceCube Collaboration
2013) in our analysis. However, following Plavin et al. (2020a),
we estimate the optimal systematic uncertainty using our data
(see Sect. 3).
While most of the events are associated with the atmospheric
background, some high-energy events have a good chance of
being of astrophysical origin. In general, events with energy >
200 TeV have likelihood > 50% of being of astrophysical origin
(IceCube Collaboration et al. 2019). There are also indications
that the observed neutrino spectrum hardens above 200 TeV (Ice-
Cube Collaboration et al. 2017), while below 200 TeV there
could also be a contribution from the Galactic component (Pal-
ladino & Vissani 2016).
The IceCube Collaboration has published lists of high energy
neutrino candidates (Aartsen et al. 2014; The IceCube Collabo-
ration et al. 2015; Aartsen et al. 2016; IceCube Collaboration
et al. 2017, 2018b) and real time alerts2, see also https://
icecube.wisc.edu/science/data/TXS0506_alerts. The
high-energy neutrino candidates come from several different
analysis chains: the muon tracks (MUONT), high energy start-
ing events (HESEA), extremely high energy alerts (EHEA) and
the GOLD and BRONZE events that replaced the HESEA and
EHEA chains in mid 2019. These lists were used as a starting
point in Plavin et al. (2020a) and the above described consid-
erations led them to perform a cut in positional accuracy and
energy. The cuts were performed at the 90% containment area
on the celestial sphere Ω90 < 10 deg2 and E> 200 TeV, and only
track-like events were considered. For EHEA neutrino alerts, en-
ergies were not published, but by definition these events have
extremely high energy (the pipeline is optimized for events with
E≥ 500 TeV) (Aartsen et al. 2017c) so we include all of them in
our event selection. We follow almost the same criteria as Plavin
et al. (2020a) and therefore the list of neutrinos used in our work
is almost identical to theirs.
2 https://gcn.gsfc.nasa.gov/amon.html
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We have only two additional neutrino events in our list. One
is the event on May 15, 2012 (MJD 56062) exactly at E=200TeV,
which was excluded from Plavin et al. (2020a) because they used
a non-inclusive cutoff E> 200 TeV, while we use E≥ 200 TeV.
We also added another neutrino event to our sample from Jan-
uary 15, 2020 (MJD 58863). This event was a BRONZE alert
and had an extremely large deposited charge in the detector, and
was consequently reconstructed with a likely neutrino energy in
excess of 6 PeV3. We did not consider neutrino events after May
2020 since for these events analyzing the radio activity around
the neutrino event with a reasonable time window would be im-
possible. We also exclude one event at DEC < −86◦ because
sources at this low declination are not included in OVRO or
Metsähovi monitoring. In total our sample includes 57 neutrino
events, which are listed in Table 1.
2.2. OVRO data and samples
The OVRO blazar monitoring program (Richards et al. 2011)
has been continuously on-going since 2008. It uses the 40 m
Telescope at Owens Valley Radio Observatory (37 d 14′ 02′′
N, 118 d 16′ 56′′ W). The OVRO 40 m uses two symmetric
off-axis beams and a cryogenic receiver with a 15.0 GHz cen-
ter frequency and 3 GHz bandwidth. The source is alternated
between the two beams in an ON-ON fashion to remove atmo-
spheric and ground contamination. The receiver was replaced
in May 2014 with a dual-beam correlation receiver instead of
the original Dicke switched receiver, providing better perfor-
mance and higher time stability. Calibration is achieved using
a temperature-stable diode noise source to remove receiver gain
drifts and the flux density scale is determined from observations
of 3C 286 assuming the Baars et al. (1977) value of 3.44 Jy at
15.0 GHz. The systematic uncertainty of about 5% in the flux
density scale is not included in the error bars. Complete details
of the reduction and calibration procedure are given in Richards
et al. (2011).
Originally the monitoring included only sources from the
CGRaBS sample, which is a catalog of AGN with radio
and X-ray properties similar to EGRET γ-ray blazars (Healey
et al. 2008). CGRaBS sample objects are derived from a par-
ent population of flat-spectrum radio sources (α > −0.5)
with 4.8 GHz flux density > 65 mJy. In the OVRO monitor-
ing 1158 sources at Dec > −20◦ were included. One faint
source CGRaBS J1310+3233 was later removed from the sam-
ple because it is exactly 13 arcmin distant from another bright
CGRaBS target CGRaBS J1310+3220, which corresponds to the
separation of the two beams of the receiver, resulting in confu-
sion in its fluxes. The final CGRaBS sample used in this paper
consists of 1157 objects (hereafter CGRaBS sample).
In addition to the CGRaBS sample, the OVRO monitoring
sample has subsequently been increased by adding γ-ray de-
tected sources from the 1st Fermi-LAT AGN catalog (1LAC,
Abdo et al. 2010) and 2LAC (Ackermann et al. 2011). Addition-
ally, the source list includes various other AGN and blazars "of
interest" so that the total number of monitored AGN is currenly
1795 (hereafter all-AGN sample).
We note that the full OVRO sample is not statistically well
defined, but based on a source-count distribution, Liodakis et al.
(2017) determined that it is complete down to a flux density
limit of 350 mJy when using the maximum likelihood mean flux
density at 15 GHz from Richards et al. (2014). The sample in
3 https://gcn.gsfc.nasa.gov/notices_amon_g_b/133644_
43767651.amon
Richards et al. (2014) includes only objects in the CGRaBS cat-
alog and the 1LAC catalog at DEC> −20◦, and excludes ob-
jects near the Galactic plane with Galactic latitude |b| < 10◦.
There are 589 objects with maximum likelihood mean flux den-
sity greater than 350 mJy forming the flux density limited sam-
ple (hereafter OVRO-350mJy sample). However, we note that
because the source-count distribution is not derived from a full
sky survey, there are still individual sources brighter than this
limit missing from our sample.
Plavin et al. (2020a) used the RFC catalog down to its com-
pleteness limit of 150 mJy of unresolved flux density at 8 GHz
in their analysis (completeness also determined from a source-
count distribution). For direct comparison with their results, we
have cross-matched our full sample with the RFC and use the re-
sulting 1156 objects in our sample (hereafter RFC-150mJy sam-
ple). Because the first IceCube neutrino event meeting our selec-
tion criteria is from 2009, in our analysis we use data from Jan
1, 2008 until Jul 1, 2020.
2.3. Metsähovi data and sample
A sample of over 1000 AGN is being monitored at Aalto Uni-
versity Metsähovi Radio Observatory in Finland (60 d 13′ 04′′
N, 24 d 23′ 35′′ E). The monitored sample is heterogeneous. The
current high priority list contains over 400 sources where the aim
is to observe them regularly, and weekly observations are being
done for about a hundred sources, for some of which the data
sets run for over 40 years. At the flux density limit of 2 Jy at
DEC> 0◦ the sample can be considered complete (Valtaoja et al.
1992).
The Metsähovi 14-m telescope has a radome and Cassegrain
optics. The measurements were made with a 1 GHz-band dual
beam receiver centered at 36.8 GHz. The HEMT (high electron
mobility transistor) front end operates at ambient temperature.
The observations are Dicke switched ON–ON observations, al-
ternating the source and the sky in each feed horn. A typical
integration time to obtain one flux density data point is between
1200 and 1600 s. The detection limit of the telescope at 37 GHz
is on the order of 0.2 Jy under optimal conditions, but it is highly
weather-dependent. Data points with a signal-to-noise ratio < 4
are handled as non-detections.
The flux density scale is set by observations of the HII re-
gion DR21. Sources NGC 7027, 3C 274 and 3C 84 are used as
secondary calibrators. A detailed description of the data reduc-
tion and analysis is given in Teräsranta et al. (1998). The error
estimate in the flux density includes the contribution from the
measurement rms and the uncertainty of the absolute calibration.
We selected sources that have at least 6 years of data between
Jan 1, 2008 and Feb 29, 2020. Additionally, we require that there
are at least 10 detections (signal-to-noise ratio ≥ 4) during that
time period. We also applied a cut on the flux density to exclude
sources that are too close to the detection threshold, and only
included sources that had a maximum flux > 0.7 Jy. Applying
these criteria to the Metsähovi database resulted in 183 sources.
The source with the lowest declination is at DEC= −13.08◦,
which means that there are two neutrino events that are excluded
from the comparison with the Metsähovi sample, when the un-
certainties and the maximum systematic uncertainty of 1◦ in the
neutrino event positions is accounted for.
3. Analyses and results
We have looked at three different metrics when studying the as-
sociation of IceCube neutrinos with radio data.
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Table 1. IceCube neutrino events at E≥ 200 TeV used in our analyses
Date MJD Type RA RA Error DEC DEC Error Energy Reference
(deg.) (deg.) (deg.) (deg.) (TeV)
2009-08-13 55056 MUONT 29.51 +0.40 −0.38 1.23 +0.18 −0.22 480 1
2009-11-06 55141 MUONT 298.21 +0.53 −0.57 11.74 +0.32 −0.38 250 1
2010-06-23 55370 MUONT 141.25 +0.46 −0.45 47.80 +0.56 −0.48 260 1
2010-09-25 55464 MUONT 266.29 +0.58 −0.62 13.40 +0.52 −0.45 460 1
2010-10-09 55478 EHEA 331.09 +0.56 −0.72 11.10 +0.48 −0.58 - 1,2
2010-10-28 55497 EHEA 88.68 +0.54 −0.55 0.46 +0.33 −0.27 - 1,2
2010-11-13 55513 MUONT 285.95 +1.29 −1.50 3.15 +0.70 −0.63 520 1
2011-01-28 55589 EHEA 307.53 +0.82 −0.81 1.19 +0.35 −0.32 - 1,2
2011-03-04 55624 EHEA 116.37 +0.73 −0.73 −10.72 +0.57 −0.65 - 2
2011-05-21 55702 MUONT 235.13 +2.70 −1.76 20.30 +0.44 −0.62 300 1
2011-06-10 55722 MUONT 272.22 +1.23 −1.19 35.55 +0.28 −0.29 210 1
2011-07-14 55756 HESEA 67.86 +0.51 −0.72 40.32 +0.73 −0.25 253 2,3
2011-09-30 55834 EHEA 266.48 +2.09 −1.55 −4.41 +0.59 −0.86 - 2
2012-03-01 55987 EHEA 238.01 +0.60 −0.59 18.60 +0.46 −0.39 - 2
2012-05-15 56062 MUONT 198.74 +1.44 −1.09 31.96 +0.81 −0.58 200 1
2012-05-23 56070 EHEA 171.03 +0.81 −0.90 26.36 +0.49 −0.30 - 2
2012-08-07 56146 MUONT 330.10 +0.65 −0.82 1.57 +0.46 −0.42 260 1
2012-09-22 56192 EHEA 70.75 +1.56 −1.63 19.79 +1.37 −0.68 - 2
2012-10-11 56211 EHEA 205.22 +0.59 −0.65 −2.39 +0.51 −0.57 - 1,2
2012-10-26 56226 MUONT 169.61 +1.16 −1.11 28.04 +0.67 −0.66 750 1
2013-06-27 56470 HESEA 93.43 +0.80 −0.85 14.02 +0.72 −0.75 200 2
2013-08-17 56521 MUONT 224.89 +0.87 −1.19 −4.44 +1.21 −0.94 400 1
2013-09-07 56542 EHEA 129.81 +0.48 −0.28 −10.36 +0.36 −0.31 - 2
2013-10-14 56579 MUONT 32.94 +0.63 −0.62 10.20 +0.34 −0.49 390 1
2013-10-23 56588 EHEA 301.82 +1.10 −0.93 11.49 +1.19 −1.09 - 2
2013-12-04 56630 EHEA 289.16 +1.08 −0.94 −14.25 +0.91 −0.81 - 2
2014-01-08 56665 EHEA 344.53 +0.67 −0.48 1.57 +0.35 −0.32 - 2
2014-01-09 56666 EHEA 292.85 +0.87 −0.94 33.06 +0.50 −0.46 - 1,2
2014-02-03 56691 EHEA 349.54 +2.21 −1.97 −13.71 +1.23 −1.38 - 2
2014-06-09 56817 MUONT 106.26 +2.27 −1.90 1.29 +0.83 −0.74 340 1
2014-06-11 56819 EHEA 110.30 +0.66 −0.45 11.57 +0.14 −0.24 - 1,2
2014-09-23 56923 EHEA 169.72 +0.91 −0.86 −1.34 +0.73 −0.66 - 2
2015-01-27 57049 MUONT 100.48 +0.95 −1.87 4.56 +0.68 −0.50 210 1
2015-05-15 57157 MUONT 91.60 +0.16 −0.74 12.18 +0.37 −0.35 240 1
2015-07-14 57217 MUONT 325.50 +1.77 −1.46 26.10 +1.68 −1.85 300 4
2015-08-12 57246 EHEA 328.19 +1.01 −1.03 6.21 +0.44 −0.49 - 2,5
2015-08-31 57265 EHEA 54.85 +0.94 −0.98 33.96 +1.07 −1.19 - 2
2015-09-04 57269 MUONT 134.00 +0.39 −0.58 28.00 +0.47 −0.47 220 5
2015-09-23 57288 EHEA 103.27 +0.70 −1.36 3.88 +0.59 −0.71 - 2
2015-09-26 57291 EHEA 194.50 +0.76 −1.21 −4.34 +0.70 −0.95 - 2
2015-11-14 57340 MUONT 76.30 +0.75 −0.74 12.60 +0.61 −0.58 740 5
2015-11-22 57348 EHEA 262.18 +0.90 −1.21 −2.38 +0.73 −0.43 - 2
2016-01-28 57415 EHEA 263.40 +1.35 −1.18 −14.79 +0.99 −1.02 - 2
2016-03-31 57478 MUONT 15.60 +0.45 −0.58 15.60 +0.53 −0.60 380 4
2016-05-10 57518 EHEA 352.34 +1.63 −1.31 2.09 +0.99 −0.85 - 2
2016-07-31 57600 EHEA 214.50 +0.75 −0.75 −0.33 +0.75 −0.75 - 2,5
2016-08-06 57606 EHEA 122.81 +0.50 −0.50 −0.81 +0.50 −0.50 - 2
2016-12-10 57732 EHEA 46.58 +1.10 −1.00 14.98 +0.45 −0.40 - 2
2017-03-21 57833 EHEA 98.30 +1.20 −1.20 −15.02 +1.20 −1.20 - 2
2017-09-22 58018 EHEA 77.43 +0.95 −0.65 5.72 +0.50 −0.30 290 6
2017-11-06 58063 EHEA 340.00 +0.70 −0.50 7.40 +0.35 −0.25 - 7
2018-09-08 58369 EHEA 144.58 +1.55 −1.45 −2.13 +0.90 −1.20 - 7
2018-10-23 58414 EHEA 270.18 +2.00 −1.70 −8.57 +1.25 −1.30 - 7
2019-03-31 58573 HESEA 337.68 +0.23 −0.34 −20.70 +0.30 −0.48 1987 7
2019-05-03 58606 EHEA 120.28 +0.57 −0.77 6.35 +0.76 −0.70 - 7
2019-07-30 58694 GOLD 225.79 +1.28 −1.43 10.47 +1.14 −0.89 299 7
2020-01-15 58863 BRONZE 67.46 +0.34 −0.34 −14.63 +0.34 −0.34 6000 7
References. (1) Aartsen et al. (2016); (2) IceCube Collaboration (2018); (3) The IceCube Collaboration et al. (2015); (4) IceCube Collaboration
et al. (2019); (5) IceCube Collaboration et al. (2017); (6) IceCube Collaboration et al. (2018b); (7) https://gcn.gsfc.nasa.gov/amon.html
Article number, page 4 of 17
Hovatta, Lindfors et al.: OVRO and Metsähovi radio sources associated with IceCube neutrinos
1. Mean flux density of the associated sources.
2. Mean activity index of the associated sources.
3. Number of flaring sources in the sample.
In Sect. 3.1, we describe how we match the neutrino positions
with our radio samples. Following Plavin et al. (2020a), we es-
timate the (unknown) systematic uncertainties in the IceCube
event positions using our data. We also describe how we gen-
erate random Monte Carlo samples to obtain the chance coin-
cidence probability in our analysis. In Sect. 3.2 we discuss the
analysis of the mean flux density, while the mean activity index
and the number of flaring sources in the sample are discussed in
Sect. 3.3.
3.1. Position matching and systematic uncertainty estimation
As described in Plavin et al. (2020a), in order to match the
neutrino positions with our samples, we must first translate the
Ω90 error regions into two-dimensional coverage regions. This
is done by multiplying the individual statistical errors in RA
and DEC with the ratio of 90% quantiles of two- and one-
dimensional Gaussian distributions:
√
− log(1−0.9)
erf−1(0.9) ≈ 1.3 (Plavin
et al. 2020a). This way we obtain regions around the neutrino
events that are bounded by four quarters of ellipses.
Following Plavin et al. (2020a), we estimate the unknown
additional systematic uncertainty in the neutrino positions us-
ing our data. We leave the systematic uncertainty ∆ψ free in our
analysis, and scan over a range from 0.1◦ to 1.0◦ with a step of
∆ψ = 0.1◦. We then add ∆ψ to the statistical uncertainties in RA
and DEC in all directions.
For each ∆ψ we first find all the sources in our samples that
fall within the elliptical region around the neutrino event (see
Fig. 1 for an example). We then calculate the test statistic of
interest (mean flux density or activity index) for each source.
We repeat this step for random Monte Carlo samples. Similar to
Plavin et al. (2020a), we generate random comparison samples
by shifting the IceCube neutrino positions in RA while keep-
ing the DEC constant. This way we reproduce the effect that the
sensitivity of the instrument depends only on zenith angle (Aart-
sen et al. 2017b). We then match these random neutrino samples
with our observed samples, and calculate the same test statistic
(mean flux density and activity index) for each associated ran-
dom source.
With this procedure we can estimate the distribution of the
test statistic under the null hypothesis of no association between
the neutrino events and the radio sources. We can then estimate,
under the null hypothesis, the chance probability of obtaining a
value of the test statistic equal or larger than the one obtained
from the data as,
p =
M + 1
N + 1
, (1)
where M is the number of random samples with a larger test
statistic than in the real data, and N is the number of random
samples (Davison & Hinkley 2013), which in our case is 10 000.
This is given as the pre-trial p-value when reporting our results.
We then select as the optimal systematic uncertainty the value
that gives the smallest pre-trial p-value.
In order to account for the factor resulting from these mul-
tiple trials, we again follow Plavin et al. (2020a) and insert the
calculation of the post-trial p-value into our Monte Carlo sim-
ulations. To do this, we treat each random sample as the real
observation, and calculate how many times we obtain as small
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Fig. 1. Example of the elliptical uncertainty region around the neutrino
event on Aug 12, 2015 (MJD 57246) and the positions of the three as-
sociations found for it in the OVRO sample. The solid black line shows
the statistical error ellipse of the neutrino position (shown with a black
cross), where the quarters are asymmetric in all directions. The blue
dashed line shows the additional systematic uncertainty ∆ψ = 0.6◦ as
found optimal for the mean flux density analysis in the CGRaBS sam-
ple.
pre-trial p-value by chance as is obtained for the real data. This
will be M in Eq. 1, which we now use to obtain the post-trial
p-value.
3.2. Mean flux density
The mean flux densities of the associated sources in the different
samples are given in Table 2 for the OVRO samples and Table 3
for the Metsähovi sample. The optimal systematic uncertainty
∆ψ varies between 0.3◦ and 0.6◦ for the different samples due
to the random nature of the process. These are, however, similar
to values found by Plavin et al. (2020a). The optimal value and
the number of associations within this limit are given in Table 4.
When comparing the mean flux density values with random sam-
ples, we average the values of the individual sources within the
sample of associated sources to obtain a single parameter for the
sample. These are also given in Table 4, along with the resulting
pre-trial and post-trial p-values. The OVRO and Metsähovi light
curves of these sources are shown in Appendix A.
3.3. Time-Dependent analysis
3.3.1. Mean activity index
Because both OVRO and Metsähovi light curves are well sam-
pled, we can estimate whether any of the associated blazars show
flaring behavior during the arrival time of the neutrino. Follow-
ing Plavin et al. (2020a), we use the activity index (A.I.), defined
as the mean flux density within a time window around the neu-
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Table 2. Mean flux density (Sect. 3.2) of OVRO AGN within the error regions of IceCube events
IceCube Event AGN
MJD Category J2000 Name Other Name RA DEC all CGR 350 150 < S >
(deg.) (deg.) (Jy)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
55478.38058 EHEA J2203+1007 B2201+098 330.8790 10.1283 X X . . . X 0.13
J2200+1030 TXS 2157+102 330.0330 10.5021 . . . . . . . . . X 0.22
55834.44514 EHEA J1743−0350 PKS 1741−038 265.9950 −3.8344 X X X X 4.24
56062.96000 MUONT J1310+3220 B1308+326 197.6190 32.3453 X X X X 2.08
56070.57428 EHEA J1125+2610 PKS 1123+264 171.4740 26.1722 X X X X 0.88
56146.21000 MUONT J2200+0234 GB6 B2158+0219 330.2060 2.5750 . . . X . . . . . . 0.10
56579.91000 MUONT J0211+1051 GB6 B0208+1037 32.8049 10.8594 X X X X 0.90
56630.47006 EHEA J1916−1519 B1914−154 289.2190 −15.3167 X X . . . X 0.21
57246.75909 EHEA J2151+0552 PKS 2149+056 327.9080 5.8703 X X X X 0.40
J2148+0657 PKS 2145+067 327.0230 6.9606 . . . X . . . X 3.99
J2151+0709 PKS 2149+069 327.8810 7.1572 . . . X . . . X 0.84
57265.21782 EHEA J0341+3352 TXS 0337+337 55.2916 33.8725 X X . . . . . . 0.10
J0336+3218a B0333+321 54.1254 32.3082 X . . . . . . X 1.86
57291.90119 EHEA J1256−0547 3C279 194.0470 −5.7892 X X X X 18.02
57340.90000 MUONT J0502+1338 PKS 0459+135 75.6384 13.6361 . . . X . . . X 0.44
57415.18346 EHEA J1724−1443 TXS 1721−146 261.1960 −14.7331 . . . X . . . X 0.41
J1733−1304 PKS 1730−130 263.2610 −13.0803 . . . X . . . X 4.49
57833.31413 EHEA J0631−1410 TXS 0629−141 97.8343 −14.1753 X X X X 0.59
J0630−1323 TXS 0628−133 97.7246 −13.3928 X X X X 0.43
58018.87118 EHEA J0509+0541 TXS 0506+056 77.3582 5.6931 X X X X 0.69
58063.65254 EHEA J2238+0724 GB6 B2235+0708 339.5430 7.4039 X X . . . X 0.16
58694.74353 GOLD J1504+1029 PKS 1502+106 226.1040 10.4942 X X X X 2.07
Notes. Cols (5) and (6) give the coordinates of the associated AGN. Cols 7-10 indicate the sample where the match is found. All for all-AGN,
CGR for CGRaBS, 350 for OVRO-350mJy, and 150 for RFC-150mJy samples. The optimal systematic uncertainty was 0.6◦ for the CGRaBS and
RFC samples, and 0.3◦ for all-AGN and OVRO-350mJy samples. Col (11) gives the mean flux density of the source.
(a) Although this source is brighter than 350 mJy, it is not included in the OVRO-350mJy sample, because it is not included in the
sample of Richards et al. (2014), which we use to derive our flux-density limited sample.
Table 3. Mean flux density (Sect. 3.2) and activity index (Sect. 3.3) of Metsähovi AGN within the error regions of IceCube events
IceCube Event AGN
MJD Category J2000 Name Other Name RA DEC < S > A.I.
(deg.) (deg.) (Jy)
(1) (2) (3) (4) (5) (6) (7) (8)
55834.44514 EHEA J1743−0350 PKS 1741−038 265.9953 −3.8346 3.61 1.36
56062.96000 MUONT J1310+3220 B1308+326 197.6194 32.3455 1.76 1.28
J1310+3233a B1308+328 197.7475 32.5596 0.49 0.81
56579.91000 MUONT J0211+1051 GB6 B0208+1037 32.8049 10.8597 1.15 2.04
57265.21782 EHEA J0336+3218 B0333+321 54.1255 32.3081 1.58 0.55
57291.90119 EHEA J1256−0547 3C279 194.0465 −5.7893 19.07 0.89
58018.87118 EHEA J0509+0541 TXS 0506+056 77.3579 5.6931 1.17 0.42
58694.74353 GOLD J1504+1029 PKS1502+106 226.1041 10.4942 2.05 1.69
Notes. Cols (5) and (6) give the coordinates of the associated AGN. Col (7) gives the mean flux density and col (8) the activity index of the source.
Sources marked with bold-face font in Col. 8 are those showing strong flaring activity (Sect. 3.3.2)
(a) This source is the only one of the Metsähovi associations not included in the OVRO samples. It is included in the 4LAC catalog
and its optical class is FSRQ and SED class LSP.
trino event divided by the mean flux density outside this time
window. Plavin et al. (2020a) set the time window as a free pa-
rameter similar to the systematic uncertainty. They then selected
the time window maximising the mean activity index of their
real sample as the optimal time window, which they found to be
0.9 yrs for the RATAN-600 sample.
We explored this approach and we found that it does not
work for either the OVRO or the Metsähovi data. The reason
is that with the well-sampled light curves from OVRO and Met-
sähovi, leaving the length of the time window free causes a few
individual blazars with large flares around a neutrino event to
dominate the optimal time window size. For example, in the
OVRO data for TXS 0506+056 (J0509+0541) the optimal time
window (∆T ) maximising the activity index is 5.6 yrs, simply
because at this limit, the window around the neutrino event (cal-
culated as ±∆T/2) includes the peak of the large flare following
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Table 4. Chance coincidence for the mean flux density analysis
Sample NSource ∆ψ NAssoc < S > pre-trial post-trial
(deg) (Jy) p p
(1) (2) (3) (4) (5) (6) (7)
OVRO all-AGN 1795 0.3 15 2.19 0.012 0.025
CGRaBS 1157 0.6 20 2.06 0.015 0.037
OVRO-350mJy 589 0.3 10 3.03 0.061 0.137
RFC-150mJy 1156 0.6 20 2.15 0.035 0.079
Metsähovi 183 0.3 8 3.86 0.089 0.183
Notes. Col (1) indicates the sample studied and col (2) gives the number of sources in that sample. Col (3) gives the optimal systematic uncertainty
for the sample, and col (4) the number of associations found using this systematic uncertainty. The pre-trial and post-trial p-values are given in
cols (6) and (7), respectively. Post-trial values significant at the 2σ level are shown in bold-face font in Col (7).
the neutrino arrival (see Fig. A.1). We also found that the pre-
trial p-value is very insensitive to the length of the time window
with values between 0.3−0.4% for all window sizes between 0.4
and 3 yrs for the CGRaBS sample.
Because the optimal window size ∆T for each source clearly
depends on how the neutrino event is positioned with respect to
large flares, we think that ∆T is more related to the typical flar-
ing time scales of blazars in radio wavelengths than directly to
the possible link between neutrinos and radio flares. Therefore,
we set the time window ∆T to the median structure function time
scale from Hovatta et al. (2007), which can be taken as the typi-
cal flaring time scale of blazars. This value is 2.3 yrs at 15 GHz
and 1.4 yrs at 37 GHz. In our analysis, we calculate the activity
index using a time range of ±∆T/2 around the neutrino event.
For the activity index analysis we find the optimal systematic
uncertainty ∆ψ to be 0.4◦ for the OVRO samples and ∆ψ = 0.3◦
for the Metsähovi sample. The activity index for the associated
sources in our samples are tabulated in Tables 5 and 3 for the
OVRO and Metsähovi samples, respectively.
3.3.2. Number of flaring sources
For our third analysis, we need an objective way to estimate the
number of flaring sources. In general, any source with activity in-
dex greater than one could be considered to be in a flaring state.
However, especially in fainter objects, it is possible to obtain val-
ues greater than one simply due to noise in the data. To estimate
a threshold for flaring sources that accounts for the typical un-
certainties in the OVRO and Metsähovi data, we simulate data of
one window length with the same time sampling as the real data
whose fluxes are varied around a fixed constant value by the typ-
ical uncertainty in our data. This way we get samples with no
intrinsic variability, whose only variation is produced by the ob-
serving process. We then calculate the resulting A.I. as the mean
during this time window over a fixed flux density limit (0.15 Jy
for OVRO and 1 Jy for Metsähovi to match a typical fainter tar-
get in each sample). We repeat this 100 000 times to obtain a
false detection rate.
The limit for obtaining a higher activity index due to noise
in 1% of cases is A.I.> 1.1 in the OVRO data and A.I.> 1.16
in the Metsähovi data. A false detection rate of 0.01% is ob-
tained for A.I.> 1.29 for the OVRO data and A.I.> 1.71 for the
Metsähovi data. We use these limits to estimate the number of
flaring sources in the samples. We then use these same limits for
the random samples to obtain the probability of chance coinci-
dence. The results from the comparison to random samples are
summarized in Table 6 for the mean activity index and flaring
source analysis.
4. Discussion
We have looked at the connection between our radio observa-
tions of blazars and IceCube neutrino events by first associating
the high-energy neutrino events listed in Table 1 with our mon-
itoring samples at OVRO and Metsähovi. In the following, we
first discuss the number of associations in our samples, and the
lack of potential counterparts in our samples based on other re-
cent studies. We then discuss the implications of the small num-
ber of γ-ray detected sources among our associations. Finally,
we discuss our results on the mean flux density and activity in-
dex analysis, and their implications for future searches on con-
nection between neutrino events and blazars.
4.1. Number of associated sources
As can be seen from Tables 2, 3, and 5, the number of neutrino
events with associated blazars in our samples is in general small,
from seven to 16 events (12 − 28%), depending on the sample
studied. Although we can expect that only ∼ 50% of the 57
high-energy neutrinos in Table 1 are of astrophysical origin (Ice-
Cube Collaboration et al. 2019), the number of associations is
still much smaller than that.
One potential explanation is the incompleteness of our mon-
itoring samples. At OVRO, the monitoring began with the
CGRaBS sample of 1157 objects, for which we find 14 asso-
ciated events when using ∆ψ = 0.4◦ as found optimal for the
activity index analysis (Table 5), and this increases to 16 events
when ∆ψ = 0.6◦ from the mean flux density analysis is used
(Table 2). The number of associated sources is slightly higher
than the number of associated events (16 and 20 for the activ-
ity index and mean flux density analysis, respectively) because
there can be multiple sources within the error ellipses. Interest-
ingly, including all AGN monitored at OVRO does not change
the associations drastically, although the number of objects in
the sample increases to 1795. There are no additional neutrino
events associated with OVRO sources and the increase in num-
ber of associated sources is simply due to the increase of sources
within the same error regions.
This is interesting considering that most of the additional
sources were included in the OVRO monitoring after they were
detected by the Fermi-LAT. This may imply that γ-ray activity
does not necessarily play a major role in the neutrino association,
and indeed recent papers on the association between γ-ray and
neutrino emission have been inconclusive (see also Sect. 4.2).
Krauß et al. (2018) studied the γ-ray fluxes of all sources coin-
cident with IceCube neutrino events at E> 100 TeV, and found
no direct correlation between the γ-ray flux and expected neu-
trino flux. Franckowiak et al. (2020) also studied γ-ray detected
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Table 5. Activity index (Sect. 3.3) of OVRO AGN within the error regions of IceCube events
IceCube Event AGN
MJD Category J2000 Name Other Name RA DEC all CGR 350 150 A.I.
(deg.) (deg.)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
55478.38058 EHEA J2200+1030a TXS 2157+102 330.0330 10.5021 X . . . . . . X . . .
J2203+1007 B2201+098 330.8790 10.1283 X X . . . X 0.98
55834.44514 EHEA J1743−0350 PKS 1741−038 265.9950 −3.8344 X X X X 1.20
56062.96000 MUONT J1310+3220 B1308+326 197.6190 32.3453 X X X X 1.46
56070.57428 EHEA J1125+2610 PKS 1123+264 171.4740 26.1722 X X X X 1.02
56579.91000 MUONT J0211+1051 GB6 B0208+1037 32.8049 10.8594 X X X X 1.85
56630.47006 EHEA J1916−1519 B1914−154 289.2190 −15.3167 X X . . . X 0.84
57246.75909 EHEA J2151+0709 PKS 2149+069 327.8810 7.1572 X X X X 0.84
J2151+0552 PKS 2149+056 327.9080 5.8703 X X X X 1.03
57265.21782 EHEA J0341+3352 TXS 0337+337 55.2916 33.8725 X X . . . . . . 1.29
J0336+3218 B0333+321 54.1254 32.3082 X . . . . . . X 0.70
57291.90119 EHEA J1256−0547 3C279 194.0470 −5.7892 X X X X 1.17
57340.90000 MUONT J0502+1338 PKS 0459+135 75.6384 13.6361 X X X X 1.63
57833.31413 EHEA J0631−1410 TXS 0629−141 97.8343 −14.1753 X X X X 0.95
J0630−1323 TXS 0628−133 97.7246 −13.3928 X X X X 1.49
58018.87118 EHEA J0509+0541 TXS 0506+056 77.3582 5.6931 X X X X 0.99
58063.65254 EHEA J2238+0724 GB6 B2235+0708 339.5430 7.4039 X X . . . X 0.96
58694.74353 GOLD J1504+1029 PKS 1502+106 226.1040 10.4942 X X X X 1.81
Notes. Cols (5) and (6) give the coordinates of the associated AGN. Cols 7-10 indicate the sample where the match is found. All for all-AGN, CGR
for CGRaBS, 350 for OVRO-350mJy, and 150 for RFC-150mJy samples. The optimal systematic uncertainty ∆ψ was 0.4◦ for all the samples.
Sources, for which the activity index is marked with bold-face font in Col. 11 are those showing strong flaring activity (Sect. 3.3.2).
(a) This source was added to OVRO monitoring only in December 2011 after its inclusion in the 2LAC catalog, which is why there
is no activity index available for it around the neutrino event in October 2010.
Table 6. Chance coincidence for the activity index analysis
Sample NSource ∆ψ NAssoc <A.I.> p p Nflaring p p Nflaring p p
(deg) pre post (1%) pre post (0.01%) pre post
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
OVRO all-AGN 1795 0.4 18 1.19 0.002 0.007 8 0.354 0.514 6 0.026 0.049
CGRaBS 1157 0.4 16 1.22 0.003 0.010 8 0.087 0.166 6 0.007 0.017
OVRO-350mJy 589 0.4 12 1.29 0.006 0.020 7 0.016 0.033 5 0.003 0.006
RFC-150mJy 1156 0.4 17 1.18 0.008 0.028 7 0.174 0.310 5 0.021 0.045
Metsähovi 183 0.3 8 1.13 0.232 0.420 4 0.004 0.007 1 0.076 0.083
Notes. Col (1) indicates the sample studied and col (2) gives the number of sources in that sample. Col (3) gives the optimal systematic uncertainty
∆ψ, which for each sample was found to be the same for all the A.I. analyses. Col (4) gives the number of associations found using this systematic
uncertainty. The pre-trial and post-trial p-values are given in cols (6) and (7), respectively. Col (8) gives the number of flaring sources in the sample
when 1% false-detection rate is used. The threshold is A.I. > 1.1 for the OVRO samples and A.I.> 1.16 for the Metsähovi sample. Col (11) is
the same for 0.01% false-detection rate, which is A.I. > 1.29 for the OVRO samples and A.I.> 1.71 for the Metsähovi sample. Post-trial values
significant at the 2σ level are shown in bold-face font in Cols (7) and (13).
sources associated with IceCube neutrino events at E> 100 TeV,
and found that the results are consistent both with no correlation
between the γ-ray and neutrino fluxes, as well as a linear correla-
tion between the two. They also included the OVRO light curves
of nine associated sources, and found no direct link between the
radio flux density and neutrino arrival times, although this was
not quantified.
Table 7 lists the optical classification, redshift, synchrotron
peak frequency and luminosity, variability Doppler factor, and
radio modulation index of the associated sources in the OVRO
sample. The large majority of our 22 associations are FSRQs
(15) with only five BL Lacs and two blazars of unknown type
(BCU). This reflects the composition of our original CGRaBS
sample, where 70% of the sources are FSRQs and only 11%
are BL Lacs (Richards et al. 2014), and there is no contradic-
tion with results of Huber (2019) who found the strongest con-
nection between LBLs and IBLs. Interestingly, one of our tar-
gets J2148+0657 has been identified in Liodakis & Petropoulou
(2020) as a probable neutrino candidate based on a proton-
synchrotron model. Although two other sources are within the
error ellipse of IceCube (Fig. 1), confirming J2148+0657 as a
neutrino emitter would have interesting implications for our un-
derstanding of jet energetics.
As mentioned earlier, Giommi et al. (2020) found in their
analysis an excess of ISP and HSP sources in the neutrino asso-
ciations. We note that although the inclusion of the LAT-detected
sources has increased the number of HSP sources in our moni-
toring sample, most of the sources are still LSP objects (Richards
et al. 2014). Although Giommi et al. (2020) also included LSP
and ISP objects in their study, they still only considered the γ-ray
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Table 7. Properties of the associated OVRO sources
J2000 Name 4FGL Name Opt. z log(νs) log(νFνs) δvar mod.
class (Hz) (erg cm−2s−1) index
(1) (2) (3) (4) (5) (6) (7) (8)
J0211+1051 4FGL J0211.2+1051 BLL 0.2 14.2 −10.3 8.4+6.0−2.1 0.255
J0336+3218 4FGL J0336.4+3224 FSRQ 1.259 13.2 −11.0 5.5+8.8−0.8 0.275
J0341+3352 FSRQ 0.725 12.9 −12.6 5.1+3.3−4.1 0.227
J0502+1338 4FGL J0502.5+1340 BLL 0.35 13.0 −11.7 15.8+5.4−5.0 0.301
J0509+0541 4FGL J0509.4+0542 BLL 0.3365 14.6 −10.7 14.7+3.6−5.1 0.167
J0630−1323 FSRQ 1.021 13.6 −12.1 32.3+21.2−30.1 0.125
J0631−1410 FSRQ 1.017 12.6 −12.2 0.6+2.7−0.4 0.100
J1125+2610 FSRQ 2.341 12.3 −12.1 56.8+27.0−20.3 0.140
J1256−0547 4FGL J1256.1−0547 FSRQ 0.5361 12.7 −10.5 11.6+1.8−1.1 0.203
J1310+3220 4FGL J1310.5+3221 FSRQ 0.997 12.7 −11.2 26.4+13.4−16.6 0.244
J1504+1029 4FGL J1504.4+1029 FSRQ 1.839 12.7 −11.7 17.7+6.4−6.1 0.230
J1724−1443 BLLa 0.899 13.2 −12.0 7.9+11.5−4.0 0.172
J1733−1304 4FGL J1733.0−1305 FSRQ 0.902 12.6 −10.9 21.5+20.3−11.9 0.059
J1743−0350 4FGL J1744.2−0353 FSRQ 1.057 12.7 −11.2 6.4+15.3−2.5 0.056
J1916−1519 4FGL J1916.7−1516 BCU . . . 12.8 −12.0 . . . 0.185
J2148+0657 4FGL J2148.6+0652 FSRQ 0.99 12.5 −10.7 1.2+0.9−0.4 0.201
J2151+0709 FSRQ 1.364 12.8 −12.1 13.1+14.4−4.7 0.115
J2151+0552 FSRQ 0.74 12.4 −12.2 18.0+4.3−4.8 0.030
J2200+1030 4FGL J2200.3+1029 BLL 0.172 13.0 −12.5 3.4+6.3−2.8 0.156
J2200+0234 FSRQ 1.323 13.1 −12.5 31.1+4.1−5.8 0.246
J2203+1007 BCUb 0.172 12.6 −12.5 7.6+14.6−7.3 0.156
J2238+0724 FSRQ 1.011 12.9 −12.0 16.8+7.3−9.7 0.347
Notes. Optical classifications in Col (3) are taken from the 4LAC catalog (The Fermi-LAT collaboration 2019) for the sources included in there
(ones with name given in Col (2)), and from the 5BZCat catalog (Massaro et al. 2015) for the non-LAT sources unless otherwise stated. BCU
stands for blazars of unknown optical class. Col (4) gives the redshift of the source. Cols (5) and (6) give the synchrotron peak frequency and peak
luminosity, respectively, taken from 4LAC catalog or determined by ourselves for the non-LAT sources. Variability Doppler factors, given in Col
(7) are taken from Liodakis et al. (2018) or determined by ourselves using the same methods. Radio modulation index determined from OVRO
data are given in Col (8), and are taken from Liodakis et al. (2017) or determined by ourselves.
(a) Classification taken from D'Abrusco et al. (2014) (b) Classification taken from Sowards-Emmerd et al. (2005)
detected sources when finding objects near the neutrino events,
while our samples also include objects not detected in the γ-ray
energies. In fact, ten out of the 22 associations listed in Table 7
have not been detected by Fermi-LAT (see also Sect. 4.2).
We took the SED parameters of our γ-ray detected associa-
tions from 4LAC (The Fermi-LAT collaboration 2019) and mod-
eled the non γ-ray detected ones ourselves using the Space Sci-
ence Data Center SED builder4. These are also given in Table 7.
Indeed a large majority of the sources are LSPs, and there are
only two ISPs (TXS 0506+056 and J0211+1051) and no HSPs.
When comparing our neutrino sample with the 3HSP sample
(Chang et al. 2019), which was used as the parent sample in
Giommi et al. (2020), we find that there are eight possible neu-
trino associations with HSP sources that are missing from our
radio monitoring sample.
Plavin et al. (2020a) found that radio sources selected based
on their compact 8 GHz flux density and associated with neutrino
events, have on average higher flux densities than randomly se-
lected objects, suggesting a connection between compact radio
emission and neutrino events. As discussed earlier, their sam-
ple is based on the RFC catalog, and they use a flux density
limit of 150 mJy. Our sample has a large overlap with theirs,
and we have only three additional associated sources, out of
which two are on neutrino events for which they did not find
4 https://tools.ssdc.asi.it/
an association. One of these is J1310+3220, which is associ-
ated with a neutrino event on May 15, 2012 at energy E = 200
TeV, and as discussed earlier, was excluded from Plavin et al.
(2020a) because of their energy limit. The other two sources
(J2200+0234 and J0341+3352) have mean flux density of less
than 150 mJy at 15 GHz, and are not included in the RFC sample
at this limit. J0341+3352 is found in the same uncertainty region
as 0333+321, which is included in Plavin et al. (2020a), while
J2200+0234 is associated with a neutrino event on Aug 7, 2012
for which Plavin et al. (2020a) did not find any counterparts.
Although we have included the cross-match of the RFC sam-
ple and the OVRO monitoring sample in our analysis, our cur-
rent monitoring sample does not include all potential counter-
parts from RFC, and we lack several of the associations listed
in Plavin et al. (2020a). Cross-matching the full RFC catalog
(above compact flux density of 150 mJy at 8 GHz and DEC>
−20◦) of 2355 objects with our neutrino list using ∆ψ = 0.4◦
would give us eight additional neutrino events bringing the num-
ber of associated events up to 24, and the total number of asso-
ciated objects to 31.
One important point to note is that the sample of Plavin et al.
(2020a), which is restricted to flux density greater than 150 mJy
is missing most of the HSP sources that Giommi et al. (2020)
include in their analysis, which are typically fainter in the radio
band. In fact, only 11 out of 84 HSPs in Richards et al. (2014)
have intrinsic mean flux density above 150 mJy at 15 GHz. This
Article number, page 9 of 17
A&A proofs: manuscript no. main
shows that selecting the potential candidates from samples gen-
erated at single energy ranges may not reveal the complete pic-
ture.
Because Plavin et al. (2020a) found a connection especially
with the highest flux density objects, in our analysis we have also
used higher flux density cutoffs in the radio band, which reduces
the number of associations further. In the 350 mJy flux density
limited OVRO sample of 589 objects (limit to which the full
OVRO sample is complete) we find only 12 that are positionally
coincident with the neutrino arrival directions. The higher flux
density limit of the Metsähovi sample (only sources with maxi-
mum flux density > 700 mJy are included) is also clearly seen in
the analysis, with only seven neutrino events with eight counter-
parts found with the optimal systematic uncertainty ∆ψ = 0.3◦
(Table 3).
4.2. Connection with γ-ray emission
One significant feature on the list of associated OVRO sources is
the large number of non-γ-ray emitting sources, 10 out of 22. In
general, some significant differences in properties of non-γ-ray
emitting and γ-ray emitting blazars have been found and these
could be of relevance also to the expected neutrino fluxes, there-
fore we discuss these properties in the following.
Savolainen et al. (2010) found that γ-ray detected blazars had
in general higher Doppler factors than non γ-ray detected ones.
Later studies (Richards et al. 2014; Lister et al. 2015) confirmed
that the non γ-ray blazars had smaller 15 GHz modulation in-
dices (defined as the standard deviation of the flux density varia-
tions over the mean flux density) and lower apparent jet speeds,
both suggesting lower Doppler boosting. Therefore we investi-
gated modulation indices and variability Doppler factors of the
γ-ray and non γ-ray detected sources in our sample. For some of
the sources these were available in Liodakis et al. (2017, 2018)
and for the missing ones these were calculated using the same
methods as in those studies.
The modulation indices and variability Doppler factors for
the sources are given in Table 7. We performed a Kolmogorov-
Smirnov test and found that there are no significant differences
between the Doppler factors (p-value 0.63) or 15 GHz modula-
tion indices (p-value 0.48) of the non γ-ray and γ-ray sources in
our sample. For the non γ-ray sources in our sample the mean
modulation index is 0.179 and mean variability Doppler fac-
tor 18.9, while for the γ-ray sources they are 0.194 and 12.0.
Comparing these to average modulation indices for γ-ray blazars
0.175+0.012−0.011, and for non γ-ray blazars 0.099
+0.004
−0.003 (Richards et al.
2014) and to median Doppler factors for the γ-ray detected
(δvar = 14) and non-detected (δvar = 8) from Liodakis et al.
(2018) demonstrates that the non γ-ray detected sources in our
sample are actually as variable and as Doppler boosted as typical
γ-ray blazars and from that point of view they are not less likely
neutrino sources than an average γ-ray blazar.
As discussed in e.g., Richards et al. (2014) and Lister et al.
(2015) the non γ-ray blazars also have lower synchrotron peak
frequencies than the γ-ray detected blazars. Since our sample
mainly consists of LSP sources, comparing our γ-ray and non-
γ-ray detected sources is not of interest. We note however that
our non γ-ray detected sources all have low νS values. The range
is log(νS) = 12.3 − 13.6, with only 3 sources with log(νS) ≥ 13,
while e.g., Keenan et al. (2020) found the average for LSP and
FSRQ sources to be ∼13.4. This of course largely explains why
they are non γ-ray detected, with a typical ∼ 107 between the
peaks (Fossati et al. 1998), the second peak in the SED is not in
the Fermi-LAT energy range. The nature of these sources is little
studied as most of the "blazar sequence" studies are concentrated
on γ-ray detected blazars (e.g. Ghisellini et al. 2017). We note
however that we also estimated the νFν of these sources from the
SED fits (see Table 7). The non γ-ray sources in our sample are
fainter than the γ-ray detected ones, but still have Lpeak = 1044.9−
1046.8 erg/s, so these sources are not low luminosity sources in
general.
The actual conditions and predictions of the neutrino rates
from the sources discussed in our paper would require detailed
modelling and this is beyond the scope of the current paper. We
simply note that there is no obvious reason to exclude any of the
sources as a possible neutrino emitter. This is also in line with
the discussion in Plavin et al. (2020b). They did not find reasons
to disfavor the non γ-ray AGNs as neutrino sources in terms of
target photon fields or the accelerated protons.
4.3. Mean flux density and variability of the radio emission
As discussed earlier, although we have used several subsets of
the OVRO monitoring sample to look at the connection between
radio emission and IceCube neutrino events, the number of asso-
ciated sources is very similar in the different samples. Therefore,
it is not surprising that the results for these different samples are
in general consistent, as can be seen from Tables 4 and 6.
Unlike Plavin et al. (2020a), we do not see a highly signifi-
cant difference between the mean flux density of the associated
sources compared to the other sources in our samples (Table 4).
Only in case of the OVRO all-AGN sample and CGRaBS sam-
ple, our results are indicative at the 2σ level of possibly higher
mean flux densities in the sources positionally coincident with
the neutrino events. Especially if we limit the analysis to the
brightest blazars (RFC-150mJy, OVRO-350mJy and Metsähovi)
samples, there is no significant difference between the mean flux
densities of the associated objects and other objects in the sam-
ples.
However, when we look at the radio variability of these
sources, our results are suggestive of a connection between the
neutrino events and radio flares (Table 6). Regardless of the
OVRO sample used, when we average the activity index of the
associated sources, we find that the post-trial chance probability
for obtaining these mean values is less than 3%. For the CGRaBS
sample, which we consider statistically well defined, this is 1%.
This is slightly smaller than 5%, which Plavin et al. (2020a)
found for the sources in the RATAN-600 monitoring program,
although it is still not significant at the 3σ level.
For the Metsähovi sample, we do not find a significant ef-
fect when we look at the average of the activity indices, but the
chance probability to find four flaring blazars (A.I.> 1.16) coin-
cident with neutrino arrival times is only 0.7% (post-trial). This
value is obtained when using the 1% false-detection limit for
defining the threshold for flaring blazars. If we use the 0.01%
limit of A.I.> 1.71, there is only one source in our sample above
that limit, also making the chance probability much higher (8.3%
post-trial).
In the case of the OVRO samples, the case with flaring
blazars is the opposite, i.e. our results are mostly not significant
when the false-detection limit of 1% (A.I.> 1.10 for the OVRO
data) is used, while using a limit of 0.01% (A.I.> 1.29) the post-
trial p-values are less than 5% in all samples. The most signifi-
cant results are found for the brightest objects (OVRO-350mJy
sample) with a post-trial p-value of 0.6%, when there are five
sources indicating strong flaring. These sources are not neces-
sarily the brightest sources in the sample, and therefore they are
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not the same objects that Plavin et al. (2020a) indicated as the
most likely neutrino emitting sources based on their mean flux
density.
We note that the number of strongly flaring blazars in both
OVRO and Metsähovi samples is very small and the significance
of the analysis is somewhat sensitive to the false-detection lim-
its used because inclusion or exclusion of individual sources
changes the results. Moreover, the number of strongly flaring
blazars is very small compared to the number of IceCube neu-
trino events even if 50% of them are not astrophysical. Therefore
it is clear that not all neutrino events happen when a cospatial
blazar shows strong radio activity. However, when we see strong
radio activity in a blazar and a neutrino event at the same time,
it is unlikely to be a chance coincidence. This is consistent with
the association of PKS B1424-418 with the high-energy neutrino
IC35 by Kadler et al. (2016) who found the source to be flaring
in both γ-ray and radio bands at the time of the neutrino arrival.
Based on a sample of four possible neutrino associations and
their OVRO light curves (including J0506+056 and J1504+1029
from our sample), Weber (2020) also note that the neutrino ar-
rival times seem to coincide with flaring in the radio band.
Finally, although the activity index is a simple way to es-
timate the flaring state of a blazar, it is not ideal when using
light curves that are several years long and well-sampled. For
example, in the source J1743−0350 the coincident neutrino ar-
rives during the rising part of a large outburst (Fig. A.2) but be-
cause the light curve includes other flares of similar strength,
the overall mean flux density of the light curve is high, resulting
in a smaller activity index. Another similar case is J1125+2610
(Fig. A.1). Even in the case of TXS 0506+056 (J0509+0541,
Fig. A.1) the activity index does not indicate flaring because the
radio outburst continues after the neutrino arrival.
The activity index and mean flux density in the radio bands
are also not appropriate metrics for associating the HSP sources
because in addition to being faint in the radio frequencies, the
HSP sources are also less variable (Richards et al. 2014). Other
ways to combine the radio and γ-ray catalogs should be investi-
gated, in addition to more sophisticated methods for comparing
radio flares to neutrino arrival times, but these are beyond the
scope of this paper.
4.4. Comparison between OVRO and Metsähovi
associations
All but one of the Metsähovi associations (1308+328, which was
eliminated from the OVRO sample, see Sect. 2.2) are also in-
cluded in the OVRO associations. We can thus compare the light
curves and activity index values in the two different frequencies.
In general, the light curves at 37 GHz show much faster varia-
tions than at 15 GHz (e.g., Hovatta et al. 2007), which is also
seen when comparing the light curves of the associated sources.
As discussed in the previous subsection, there are four associa-
tions in the Metsähovi sample that show strong radio flares at the
time of the neutrino arrival. One of these is J1743−0350, which
did not meet the formal criteria of strong flares in the OVRO
data as discussed above. In the Metsähovi light curve (Fig. A.4),
it can be seen that the neutrino arrival time coincides with an
extremely fast increase of the radio flux density at 37 GHz. At
15 GHz the substructures of the flares are not as clearly visible,
but also there the neutrino arrival time coincides with a fast in-
crease of flux density. The other three flaring sources in the Met-
sähovi sample, are also identified as strongly flaring sources in
the OVRO light curves, and overall the activity index values be-
tween the two data sets are similar.
We also note that while there is a large fraction of non-γ-ray
detected sources in the OVRO associations (see Sect. 4.2), all the
Metsähovi associations are γ-ray detected. This is mainly due to
the smaller number of objects monitored regularly at Metähovi,
and the higher flux density limit we have used in our analysis. As
can be seen in Table 2, all the non γ-ray detected sources have
S¯ 15GHz < 0.9 Jy.
5. Conclusions
We have studied the possible connection between high-energy
neutrinos and blazars by comparing our radio monitoring cata-
logs from OVRO and Metsähovi with positions of IceCube neu-
trino events. The number of associations we find is in general
small, only with 12 − 28% of the 57 neutrino events, depend-
ing on the radio sample used. The small number of associations
can be largely explained by incomplete parent samples of radio
sources used in this study and is not in contradiction with the
recent studies of Plavin et al. (2020a); Plavin et al. (2020b) as-
sociating the observed astrophysical neutrino flux to radio bright
AGN.
Our associated sources are largely LSP FSRQs and a large
fraction of the OVRO associations are not γ-ray detected (see
Sect. 4.2). This reflects the composition of the OVRO monitoring
sample, which largely consists of FSRQs and non γ-ray detected
sources so that our study is not suitable for identifying the most
likely class of sources associated with neutrinos.
We find that the luminosity and radio variability character-
istics, including variability Doppler boosting factors, of the non
γ-ray detected associations in our sample are indistinguishable
from the γ-ray detected associations. Because these sources are
mostly luminous FSRQs, they are also potential neutrino emit-
ters, which are often ignored in studies concentrating only on
γ-ray detected sources.
When studying the radio emission and variability of the as-
sociated sources, we find no difference in the mean flux density
of the associated sources compared to random control popula-
tions. However, when radio variability amplitudes are studied,
we find that on average, the associated sources in the OVRO
sample are in a more active state at the time of the neutrino ar-
rival. This is especially clear when largest flares are studied (both
in OVRO and Metsähovi samples) and we conclude that when
we see strong radio activity in a blazar and a neutrino event at
the same time, it is unlikely to be a random coincidence.
This is in line with the results of recent studies on connec-
tion of blazar γ-ray flares and production of detectable neutrino
fluxes. It is evident that the fluence of even the brightest keV-
GeV flares is not sufficient to result in a likely detection of neutri-
nos and the only way to increase this likelihood is to increase the
duration of the flare (Oikonomou et al. 2019; Kreter et al. 2020).
Strong radio flares have typical duration of 1-2 years (see Sec-
tion 3.3.) and are often accompanied with long-duration flaring
at higher energies. Therefore they are natural candidates to be
associated with detectable neutrino emission and we will study
this connection in more detail in future works.
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Fig. A.1. OVRO light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 2.3 yrs around the neutrino event.
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Fig. A.2. OVRO light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 2.3 yrs around the neutrino event.
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Fig. A.3. OVRO light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 2.3 yrs around the neutrino event.
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Fig. A.4. Metsähovi light curves of the associated sources. The neutrino arrival time is shown with a blue solid line, while the blue dashed lines
indicate the window of 1.4 yrs around the neutrino event.
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